These experiments have been designed to test the hypothesis that iron present in deposits in the rheumatoid synovial membrane is bound or sequestered in this site (Muirden and Senator, 1968 ). The experimental model used was the arthritis induced in the rabbit's knee by injections of carragheenin (Gardner, 1960) . Labelled red cells were injected into the inflamed and normal knee and a previous paper reports the clearance of Fe59 measured by surface counting and by liquid scintillation of ashed segments of membrane (Muirden, 1969) . The distribution of iron within the joint tissues was estimated at various stages after injection by histological and autoradiographic techniques, and these studies form the basis of this report.
Material and Methods
Carragheenin arthritis was induced in the right knee joint of rabbits whilst the left knee received saline injections to act as a control. The method of preparing Fe59-labelled red cells and their introduction into the two joints has already been described (Muirden, 1969) . The rabbits used for histological studies were killed 1, 3, 7, 14, and 42 days after injection of the erythrocytes. The knee joints were opened and rinsed out with saline, and synovium was dissected from the lateral and posterior areas of the joint. Samples were also taken from menisci and articular cartilage.
Tissue for routine histology was fixed in neutral, phosphate-buffered 10 per cent. formalin and sections were stained with haematoxylin and eosin and by the Prussian blue method for iron. Tissue for autoradiography was fixed in Camoy's solution (absolute alcohol, chloroform, and glacial acetic acid) for 30 min. to 3 hrs, then transferred to absolute alcohol, cleared in chloroform, and embedded in paraffin. Glass slides cleaned in chromic acid and rinsed in distilled water were immersed in a solution of gelatin and then dried. Sections were cut at 5 to 6 u and fixed to the slides. Kodak photographic emulsion (NTB-2) was heated in a water bath at 42°C. for 1 hr. The slides were immersed for 2 sec. and then drained. When dried the slides were stored at 4°C. in light-proof boxes for the exposure period which was generally 3 or 6 weeks. After the photographic emulsion had been developed and fixed the sections were stained with Unna-Pappenheim solution.
Results

Macroscopic Changes
Blood staining of the synovial membrane was obvious in rabbits killed 1 and 3 days after injection of red cells and at 7 days the membrane had a golden-brown appearance. The synovial cavity of the carragheenin injected joints contained excess fluid and the synovium was thickened. These changes were still present 42 days after injection but the left control joint was then free of pigment and appeared normal. Evidence of blood seepage along the course of the extensor digitorum tendon, which in the rabbit arises from within the joint capsule, was visible on both sides.
Microscopic Changes
The inflammation induced by carragheenin features synovial proliferation and cellular infiltration (Fig. 1, opposite) . Red cells are occasionally seen in the inflammatory exudate and patchy haemosiderin deposits have been described (Muirden and Peace, 1969) . irrigation. The irritative effect of the haemarthrosis was evidenced by increased numbers of polymorphonuclear leucocytes within the synovium.
CLEARANCE OF FE59-LABELLED ER YTHROC YTES
3 days after injection.-In the left control knee numerous red cells were seen infiltrating the mildly proliferated synovium (Fig. 2 ). An occasional macrophage just beneath the lining layer contained haemosiderin granules and neutrophils and lymphocytes were also present. Iron stains showed pale blue staining of some surface cells and dense staining of stromal macrophages. In the right carragheenin-injected joint, iron staining was more diffusely spread through the surface layers of the thickened membrane. The control joint autoradiographs, despite high background counts, showed increased grains in relation to the surface cells and more particularly just beneath the lining layer (Fig. 3, overleaf) . In the carragheenin joint, background counts were much lower and more precise localization of Fe59 was possible (Fig. 4, overleaf gheenin synovium showed heavy labelling of deeper areas of the membrane (Fig. 6, overleaf) . 14 days after injection.-The left control synovium now showed only slight lining cell proliferation, the infiltrate of red and white cells had disappeared, and only a few of the stromal macrophages contained iron. In the autoradiographic slides few of the lining cells showed increased counts above background, but very dense labelling was seen over macrophages just deep to the surface (Fig. 7 , opposite).
In the right carragheenin-injected joint the striking feature was the presence of large conglomerate masses of iron, much of which appeared to be extracellular (Fig. 8, opposite) group.bmj.com on April 20, 2017 -Published by http://ard.bmj.com/ Downloaded from synovium adjacent of these deposits were quite free of iron. Intense Fe59 labelling was seen over stromal macrophages and over the extracellular haemosiderin masses (Fig. 9) (1969) demonstrated that the radioactive clearance after intra-articular injections of Fe59-labelled erythrocytes was slow, and the decay from joints inflamed by previous treatment with carragheenin was even more prolonged. Histological studies reported here indicate that red cells were prominent within the synovium up to 3 days after injection but were absent at Day 7 when surface counts showed that only one-third of the radioactivity had disappeared from the control joints. Stainable iron was present at Day 3 and was more marked at Day 7 in the synovial lining cells and as haemosiderin in macrophages in the superficial stroma. At Day 14 there was less iron, and 42 days after injection only a few haemosiderin-containing macrophages were noted. Autoradiography showed that peak labelling was maintained through to the 7-day stage when red cells had disappeared from the membrane. It appeared, therefore, that few erythrocytescould have escaped intact from the synovium. The rarity of erythrophagocytosis in experimental haemarthrosis has been commented on by Roy and Ghadially (1966) but there is good electron microscopic evidence that this does occur. An estimation that phagocytosis and disgestion of red cells by reticular cells takes only 10 minutes (Bessis and Breton-Gorius, 1962 ) may explain the difficulty in showing the process histologically.
The autoradiographic studies were of importance in the carragheenin-injected joints where iron deposits can occur as the result of the inflammatory exudate (Muirden and Peace, 1969). The label was found to be spread in a patchy fashion through the thickened membrane. Sampling problems associated with the irregular distribution of Fe59 may explain a peak level of radioactivity at Day 7 rather than Day 3 as in the control joint. In contrast to the control, a high level of radioactivity was maintained at Day 14 and was associated with extracellular masses of haemosiderin and these were still present 42 days after the injection of erythrocytes. The distribution of iron in relation to the time elapsed is evidence that the deposits gradually accumulate from the joint space and not from re-circulating iron. However, whatever the source of iron and accepting possibly different rates of breakdown of incompatible rabbits' red cells, it is clear that the chronically inflamed tissue masses accumulate and fix a considerable amount of iron. The similar distribution of iron in the carragheenin synovium, in human haemarthrosis, and in rheumatoid arthritis favours the joint cavity as the source of iron sequestrated in the synovial membrane.
The catabolism of haemoglobin within macrophages releases iron and this is transformed into ferritin (Richter, 1957) . This also occurs in synovial cells in vitro (Muirden, Fraser, and Clarris, 1967) . The pale blue staining of synovial lining cells 3 days after the injection of blood is explained by this release of ferritin. The capacity of cells to store ferritin is limited and when the concentration reaches a critical level haemosiderin is formed by a process of denaturation (Shoden and Sturgeon, 1962) . In the synovium the diffuse blue staining of lining cells gradually disappeared and haemosiderincontaining macrophages became more prominent just beneath the lining layer. This process, whereby iron originally present in many surface cells is concentrated into a few cells on or just beneath the surface, was shown in experiments in which irondextran was injected into joints (Ball, Chapman, and Muirden, 1964) . From a study of electron micrographs we concluded that this concentration took place primarily by the ingestion of degenerate iron-containing cells by other macrophages. The further step to the breakdown of iron-laden clumps of macrophages to form the extracellular deposits of haemosiderin is more conjectural.
Large extracellular masses of iron are also seen in rheumatoid arthritis (personal observations) but have not been described in the pathology of haemarthrosis or haemophiliac arthropathy, or in the synovial changes in haemochromatosis (e.g. Collins, 1949; Schumacher, 1964) . Iron excess does seem able to cause tissue damage as has been shown in haemochromatosis (Bothwell and Finch, 1962) . It is possible, however, that the chronic inflammatory exudate in rheumatoid and carragheenin arthritis provides an additional factor responsible for cell destruction which is not present in these other conditions. In both rheumatoid and carragheenin arthritis synovial macrophages contain enlarged lysosomes (Muirden and Peace, 1969 (Bauer, Short, and Bennett, 1933; Adkins and Davies, 1940) . The latter have shown that particles of greater diameter than 0-1u have no route out of the subsynovial tissues. The effect of inflammation on this process is likely to depend on the acuteness or chronicity of the reaction. Unlike capillaries fine lymph vessels terminate at some distance from the articular margin and are absent from synovial villi (Davies, 1946) . The swollen hypertrophied synovium in carragheenin arthritis may provide a mechanical barrier to the clearance of larger molecules and particles which would not apply to small molecules which leave by the capillaries.
Summary
Autoradiographic and histological studies of the synovial membrane have been made after the injection of Fe59-labelled erythrocytes into normal rabbit joints and into joints inflamed by previous treatment with carragheenin. Differences were found in the distribution and disappearance rate of iron. In the control joints peak levels of radioactivity were found at Day 3 and Day 7 after the injection, at a time when red cells were disappearing and haemosiderin was appearing in synovial macrophages. In the carragheenin-injected joints high grain counts were maintained until Day 14, and even at Day 42 sizeable deposits of iron were still visible. The presence of large extracellular deposits of haemosiderin in the carragheenin joints similar to those noted in rheumatoid arthritis is one reason suggested for the slower clearance from the inflamed joint.
